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ABSTRACT- A commercial CFD solver is used to simulate the unsteady aerodynamics performance of 
rigid and flexible wing airfoils for a high-performance jet trainer aircraft. The configuration used in the 
computational analysis is NACA 64012. In the numerical simulations the turbulence is modeled by 
enhancing Spalart-Allmaras turbulence model. To simulate the fluttering motion of the upper surface, an 
algorithm written in C computer language is integrated with the Fluent. The program controls the 
oscillation of the upper suction surface to specific defined displacement and the mesh dynamic that 
adjacent to the moving surface of the airfoil. The numerical experiments for both, rigid and flexible 
airfoils are carried out at flight speed of 85 m/s and angle of attack from zero to 18 degree. In order to 
verify the results of numerical simulation, the solver is validated against prior experiment of a lift 
coefficient. In comparison between rigid and flexible airfoils, the aerodynamic forces produced by a 
flexible airfoil shows that the lift coefficient is increased by 10% for angle of attack ranging from the 
incidence degree to 10 degree and then decreased slightly till the stall angle located at 16 degree. The 
flow separation in rigid airfoil is predicted at 7.5% of airfoil chord, whereas in the flexible airfoil it is at 
59% of the airfoil chord. 
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 صلختسملا-سا متمادختCFD ةيئاوهلا اكيمانيدلا ءادأ ةاكاحملحينجل رقتسم ريغلا  بلص  و نرم  ت ةرئاطل جذومنلا .ءادلأا ةيلاع ةثافن بيرد 
لاإ  مت  يذدختسامه وه يباسحلا ليلحتلا  يفNACA 64012 ةاكاحملا ءارجإ  دنع . ، بارطضلاا ةجذمن متقيرط نع يئاوهلا ليدوم 
.Spalart-Allmaras مل رلا ةكرح ةاكاحةفاضإ مت ،يولعلا حطسلل ةفرف رتويبمكلا ةغلب ةبوتكم ةيمزراوخ C جمانرب يلإ .Fluent  مكحتي
يكاحملا    زازتها  يفحطسلا   يولعلا  حينجلل  ةحازلإ  ل  كرحتملا  حطسلل  ةرواجملا  ةكبشلا  ةيكيمانيد  كلذكو  ةددحمحينجل.   براجتلا  ءارجإ  مت
لا نم لكل ةيبوساحلاحينج بلصلا  دنع نرملاو يط ةعرس نار85 م/ موجه ةيوازو ث جردتت نملا ىلإ رفص18 ةجرد.  لجأ نم نم ققحتلا
جئاتن يكاحملا ،عم جئاتنلا ةنراقم تمت  ةبرجت ةيلمعمل ةقباس ديدحت.عفرلا لماعم أ ،نرملاو بلصلا حينجلا نيب ةنراقملا دنع رهظت  ىوقلا
لماعم نأ نرملا حينجلا نع ةجتانلا ةيئاوهلا ةيكيمانيدلا  زي عفرلا ةبسنب داد10 %رفصلا ةجرد نم حوارتت موجه ةيوازل  ىلإ10  مث تاجرد
 ي  ايجيردت ضفخن ءاوهلا لاصفنأ ةيواز ىتح  دنع16 .ةجرد ىلع ديكأتلا مت  نإصفءاوهلا لا  دنع بلصلا حينجلا يف7.5 % حينجلا رتو نم
ثدحي نرملا حينجلا يف امنيب لاصفنلإا  دنع59% حينجلا رتو نم. 
 
Introduction  
Wings are the essential part of the aircraft 
structure. They serve to produce major part of the 
lift and they also maintain lateral stability and 
provide space of fuel storage. In most airplanes the 
undercarriage and the engines are fixed in the 
wing. In conventional aircraft utilizing a rigid 
wing, the shape of the wing is optimized 
corresponding to the control surfaces system such 
as ailerons, flaps and rudder, while in the modern 
airplane enhancing a flexible wing, in addition to 
the control surfaces, the shape of the wing is 
changed by elastic deflection movement of some 
parts of the wing structure corresponding to the 
phase of flight that required [1].  
The flexible wing is defined as a wing that 
fabricated by smart materials with actuators able 
to change its shape depending on the situation in 
order to optimize aerodynamic performance and 
aircraft control. David Munday et al. were 
conducted experimental exercises for a flexible 
wing model [2]. One of these tasks was considered 
a comparison between flexible wing model and 
conventional wing model in wind tunnel at Re = 
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2.5×104 and angle of attack ranging from zero to 9 
degrees to illustrate the effects of fluttering on 
flow separation. They used actuators attached to 
the flexible surface to govern the fluttering motion 
of the upper surface of the wing.  
Their results represented a clear delay in flow 
separation reached to 10% of chord at angle of 
attack 9 degrees when the flexible wing model was 
used instead of the conventional wing model. 
Since the critical factor for the Micro Aerial 
Vehicle MAV flight is the coupling of 
aerodynamics and structural dynamics, Satish K. 
Chimakurthi et al. [3] represented a computational 
framework for simulating shell-like flexible wing 
structures flapping in incompressible flow at low 
Reynolds numbers in both hover and forward 
flight. They were developed a framework coupling 
an in-house Co-rotational finite element Structural 
Dynamics solver CSD to an in-house pressure-
based Navier-Stokes solver. 
The results were validated versus experimental 
data and developed aeroelasticity codes for both 
the CSD and the aeroelastic solvers enhancing 
different wing configurations. A research group 
from University of Maryland also simulated the 
aerodynamics characteristics of flexible flapping 
wings for MAV applications [4]. They 
implemented a coupled CFD-CSD solver. For 
CFD analysis, the solver in-house compressible 
RANS solver was used whereas for investigation 
of structural dynamics, the dynamics solver 
MBDyn was utilized after some modification.  
The results for the coupled codes were validated 
against available experimental results to predict 
the expected profile for a spanwise flexible wing 
in pure plunge. An integrated study of flexible 
wing aerodynamics of flapping MAV was also 
preceded by enhancing an in-house computational 
fluid dynamic solver combined with experimental 
data [5]. The researchers built a realistic wing 
planform CFD model with a capability to mimic 
realistic flexible wing kinematics in order to 
predict an unsteady aerodynamics of four-winged 
MAV. 
 
The main purpose of the present paper is to 
improve the aerodynamic characteristics of the 
wing by implementing fluttering motion to upper 
surface of the wing. The fluttering motion is 
simulated by integrating specific code that 
represents the motion to the commercial software 
package (Fluent). 
Computational Analysis 
The airfoil NACA 64012 is used as a model drawn 
in AutoCAD software program. The maximum 
thickness of the airfoil is correlated to the 
fluttering motion of the upper surface according to 
certain limitations such as surface length and arc 
radius. Therefore, to optimize satisfactory 
aerodynamics characteristics, the effect of the 
flexible surface length should be studied.  
The effect of the flexible surface length on the 
aerodynamics characteristics of the airfoil is 
examined by testing two surfaces with different 
lengths. Figure 1 shows the airfoil geometry of 
NACA 64012 with two different lengths of 
flexible surfaces used for the simulation. One of 
them with chordwise length of 0.69 m started at 
point 0.05m behind the leading edge and the 
second flexible airfoil with length of 0.76 m 
started at point 0.03 m behind the leading edge.  
The different started points of these flexible 
surfaces is governed by the leading edge radius 
and the length of the trailing edge control surface 
such as ailerons or lift devices (flaps). The origin 
of arc radius is located at maximum thickness of 
the airfoil which considered as vertical reference. 
The results reveal that, the longest surface is 
perform better aerodynamics properties than the 
shorter one, therefore it’s considered for this study. 
 
The flight conditions for both, the rigid and 
flexible airfoils are explained in Table 1. 
 
 
 
 
Figure 1: The two different lengths of the flexible 
surfaces 
Grid Generation 
The structured grid is generated using Gambit 
software. Then it is replaced by unstructured grid 
due to presence of negative volumes during the 
running of the dynamic mesh motion. 
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TABLE 1: FLIGHT CONDITIONS 
Item Description 
Altitude At sea level 
Temperature 288 K 
Flight speed 0.25 Mach (85 m/s) 
Air Density 1.225 kg/m3 
Air static pressure 101.325 KPa 
Reynolds Number 5.8.106 
 
Therefore, the boundary layer meshing option in 
Gambit is not applied to the present study in order 
to avoid negative volumes. Instead of using the 
structured mesh and boundary layer, the boundary 
adaption technique around the airfoil is 
implemented in order to allow for convenient 
mapping of the internal grid points on the dynamic 
flexible surface by increasing the number of nodes 
as illustrated in Figure 2.  
 
 
(a) 
 
(b) 
Figure 2: Unstructured mesh after the adaption (a) 
Upper surface of the airfoil (b) The whole domain 
(c-mesh) 
 
The boundary adaptation technique has been 
investigated extensively by many authors among 
them Liseikin [6]. The technique act to split the 
mesh cells into more cells, therefore more 
accuracy is gained. Generally, they are divided 
into differential and algebraic techniques. 
Differential technique is based on the solution of 
the Euler-Lagrange Differential Equations, often 
solved simultaneously with other fluid flow 
equations when the mesh is adapted. Algebraic 
technique is based on a direct equidistribution 
process which does not require solution of the 
Differential Equations and therefore, it requires 
less computational effort. The number of nodes 
and cells around the airfoil is increased by 11089 
after adaption to become 76021 nodes and cells. 
 
Boundary Conditions 
Boundary conditions determination for the present 
case study is based on the domain of test section 
which is classified into three parts, two of them are 
defined as airflow inlet zones named as farfield 1 
and farfield 2 and the third part is an outlet flow 
zone named farfield 3 as illustrated in Figure 3. 
The airfoil consists of three parts, upper surface, 
lower surface and flexible surface. This division 
represented in Figure 4 enables to apply the 
dynamic mesh motion of the flexible surface. 
 
 
Figure 3: Flow Domain 
 
Figure 4: Airfoil Definition 
 
The boundary conditions are specified for the 
zones as shown in Table 2. Define the velocity 
vector at the inlet flow as a boundary condition 
requires to determine the velocity components u 
and v in Cartesian Coordinates from the flight 
speed and angle of attack. 
Governing equations of incompressible flow  
The governing equations of incompressible flow in 
Cartesian coordinates [7] are: 
 
Mass conservation equation: 
1)( 0=


i
i
x
u
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where, u is the velocity. Momentum equation: 
(2) 










+


−=


+


2
2
j
i
ij
i
j
i
u
u
x
p
x
u
u
t
u
   
 
where, t is time, p is the pressure, µ is dynamic 
viscosity and i=1,2,3 for x,y,z coordinates  
 
TABLE 2: BOUNDARY CONDITIONS ZONES 
BC Zone BC Definition 
 
Inflow 
 
Farfield 1 Velocity-inlet 
Farfield 2 Velocity-inlet 
Outflow Farfield 3 Pressure-outlet 
 
Airfoil 
Flex surface Wall 
Upper surface Wall 
Lower surface Wall 
 
Turbulence modeling 
The Spalart-Allmaras turbulence model that solves 
a modeled transport equation for the kinematic 
eddy (turbulent) viscosity is used to model the 
turbulence. The model was designed for aerospace 
applications involving wall-bounded flows and has 
represented satisfactory results for boundary layers 
subjected to adverse pressure gradients [8].  
This one equation model is derived using 
empiricism and arguments of dimensional 
analysis, Galilean invariance, and selective 
dependence on the molecular viscosity [9]. The 
model solves a partial differential equation (3), 
over the entire field for , from which the turbulent 
kinetic viscosity  can be extracted. 
 
 
 
 (3)  
  
  ,   
where, 
  
 
 
 
 ,   , 
 
  
 
 
 
d is the distance to the closest surface 
The constants are 
 ,  ,  ,  
,  
 ,  ,  ,  
, ,  ,  
 
On the walls the “no-slip condition” is considered, 
therefore the dependent variable  is set to zero. 
For tangent-flow surfaces, a zero-pressure gradient 
is applied. Farfield boundary condition as shown 
in table 2 is applied for outflow boundaries by 
extrapolating  from the interior passing flow. 
The farfield boundary condition at the inflow is 
perused from the free stream. The eddy viscosity 
 is given by: 
 
 where the viscous damping function  is 
integrated in order to properly reduce the turbulent 
viscosity in the viscous sub-layer. The damping 
function is given by: 
 
 
 
The flexible surface preparation 
The nature of motion required for flexible surface 
simulation is oscillatory motion that allows the arc 
radius of the upper surface of the airfoil to 
increase and decrease rapidly as illustrated in 
Figures 5 and 6. The oscillation range of the 
flexible upper surface is limited between the arc 
radius of the wing upper surface at normal airfoil 
profile condition and the maximum limit which 
governed by different factors such as the flexibility 
limitation of the wing structure and the flow 
aerodynamic characteristics. The oscillation 
motion of the flexible surface is defined as 
fluttering motion. 
 
 
Figure 5: The manner of the flexible surface motion 
 
The range of arc motion in y direction defines by Y as: 
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( )( )677.0sin7.015.01.0 2 ++−= fullyY  (4) 
 1.0−= magfull yy (5) 
 
03.022 +−= XRymag  (6) 
where ymag specifies the length in x direction of 
the flexible surface and yfull is the actual 
displacement of the arc in y direction. R is the 
radius of the arc (maximum displacement of the 
thickness in meter). 
 
The angle that dictates the motion of the arc, α: 
 
 t. =  (7) 
 
where ω is the rotational speed. The angle that 
corresponds to the position of the original point, θ: 

2
3
2 +=  (8) 
 
 
Figure 6: Fluttering motion of upper surface 
 
The fluttering motion in commercial CFD program 
(Fluent) is performed by dynamic mesh option that 
permits the movement of the grid nodes. 
Therefore, all nodes that are adjacent to the upper 
surface of the airfoil are prepared to move in 
according to the motion of the flexible surface. To 
precede the process of flexible surface motion and 
it is limitations and the dynamic mesh, C program 
file has been established. The file contains the 
required data and equations that govern the motion 
of the flexible surface and adjacent grid nodes. 
Then the C-file is introduced to FLUENT solver 
by utilizing an intermediary program (Microsoft 
Visual Studio) that able to read and write C code 
file and illustrated it to FLUENT. Thereafter, the 
dynamic mesh setting is adjusted inside the 
FLUENT program. The procedure of adjustment 
of the dynamic mesh setting in FLUENT program 
is known as User-Defined Function Compiling 
(UDF). When the flexible surface moves, the 
adjacent grid nodes changed their distribution, 
which means the grid cells change their shapes 
according to the flexible surface motion as 
indicated in Figure 7. Different values for lift and 
drag coefficients are registered according to this 
phenomenon. 
 
(a)
 
(b) 
Figure 7: Grid around the airfoil (a) Before flexible 
surface motion (b) After flexible surface motion 
 
Dynamic mesh setting has been adjusted in a 
specific method that ensures the proper motion of 
grid nodes and flexible surface. Before proceeding 
to dynamic mesh setup, it is significant to ensure 
that the software is solving for an unsteady state 
condition. The setup of the dynamic mesh in the 
commercial software solver is enhanced by 
applying four steps.  
Firstly, the C code program file which contents the 
grid nodes motion and flexible surface motion 
specifications is integrated to the User-Defined 
Functions library (UDF) of FLUENT program. 
Secondly, the way of grid nodes motion is 
determined through the dynamic mesh parameter 
window. In this window, the grid nodes motion is 
determined as a ratio of cells splitting or 
collapsing which happened for the airfoil adjacent 
cells to the permissible range of the adjacent grid 
nodes, the expansion or contraction ratio of the 
cells and other properties.  
In the third step, the movable surface and its 
movement manner are specified. These options are 
utilized in the software via dynamic mesh zones 
window. Lastly, run the test for specific time step 
size and number of time steps. The time step size 
used is 0.1 and 1st-Order implicit method of 
numerical discretization is adapted. 
  
RESULTS AND DISCUSSIONS 
The aerodynamic characteristics for both, rigid 
and flexible airfoils at flight speed of 0.25 Mach 
(85 m/s) and angles of attack ranging from zero to 
18 degree are investigated. The velocity contours 
are displayed in Figure 8 for rigid airfoil at stall 
angle α=14°. The figure represents clearly the 
minimum velocity (zero assumption) in the 
stagnation point at the leading edge of the airfoil. 
Then the velocity increases gradually from leading 
edge to the rear of the airfoil. The wake behind the 
airfoil starts to propagate after the airfoil. 
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Figure 8: Velocity contour display of rigid airfoil 
 
Moreover, the results for the velocity contour for 
flexible airfoil is plotted in Figure 9 at stall angle 
α=16°. The same scenario of velocity distribution 
is observed for flexible airfoil but with different 
velocity magnitudes spread over different chord 
lengths on the upper surface of the airfoil. 
 
 
Figure 9: Velocity contour for flexible airfoil 
 
Figures 10 and 11 indicate the lift and drag 
coefficients for both, rigid and flexible airfoils. For 
the rigid airfoil, the result of the lift coefficient 
indicates that the maximum lift coefficient  is 
 and the drag coefficient  is  at 
stall angle of attack = . Whereas for the 
flexible airfoil the maximum lift coefficient  
is  and the drag coefficient  is , 
both are occurred at stall angle of attack 
= .  
The lift coefficient of the flexible airfoil increases 
gradually with constant slope till angle of attack 
10 degrees then continues in increasing with less 
slope till the maximum value 1.4048 at angle of 
attack 16 degrees. Whereas for the rigid airfoil it 
increases gradually with constant slope till the 
maximum lift coefficient .  
It is observed from the results that the lift 
coefficient for the flexible airfoil is increased by 
approximately 10% from the lift coefficient of the 
rigid wing till . Moreover, in Figure 10, 
when lift slope is zero, there is still a positive 
value of lift coefficient demonstrated for flexible 
airfoil condition. This property is similar to that 
induced by cambered airfoil at zero-lift line. The 
Figure also illustrates the maximum lift coefficient 
 of flexible airfoil which is higher than its 
equivalent value in the rigid airfoil. In addition, 
the stall angle of attack  of the flexible 
airfoil is larger than the one in the rigid airfoil. 
 
 
Figure 10: Lift coefficient vs angle of attack 
 
 
Figure 11: Drag coefficient vs angle of attack 
 
To validate the investigation of rigid airfoil 
proceeded by computational programme FLUENT, 
the aerodynamic properties are plotted against the 
numerical XFLR5 [10] results. XFLR5 is software 
for the design of airfoils, wings and planes 
operating at low Reynolds numbers and using 
panel method or vortex lattice method. The same 
algorithms implemented in original XFoil code for 
foil analysis were used in XFLR5 tool.  
In the latest version v4.00 of the code, a 3D panel 
method for wings and planes was introduced that 
enhancing modeling options for fuselages. For 
rigid airfoil the lift coefficient in both, XFLR5 and 
FLUENT results are in very close agreement in 
curve slope with only negligible slight variation 
through the stalling region. The linearity of the lift 
curve for XFLR5 is break down at 13.4 angle of 
attack whereas for FLUENT case the stall occurs 
beyond 14 degrees. Since the airfoil is symmetric, 
both lift curves go through the origin and then 
increase linearly with angle of attack till the 
maximum lift.  
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The clmax calculated by XFLR5 is 1.3 and that 
predicted by FLUENT is found to be 
approximately equal to 1.4. In Figure 11 the drag 
coefficient of flexible airfoil is agreed very well 
with drag coefficient of rigid wing till the angle of 
attack 14 degrees where it starts to increase rapidly 
for rigid airfoil. The rapid increment in drag 
coefficient for flexible airfoil is delayed till angle 
of attack 16 degrees. From the results, it seems 
that the drag coefficient of the flexible airfoil is 
not affected by the increased thickness rather than 
separation starting onset. 
Figure 11 also demonstrates the drag coefficient 
for rigid airfoil obtained by XFLR5 code in order 
to validate the computational analysis. The drag 
curve illustrated by XFLR5 results is completely 
corresponds with that by FLUENT analysis. The 
increasing of  value in flexible airfoil reveals 
in delay of the flow separation and damping of 
wake region for certain portion.  
This result is clearly shown in Figures 12 and 13 
where the velocity vectors are displayed for the 
flexible and rigid airfoils respectively at the angle 
of attack . The velocity vectors in these Figures 
were colored according to the velocity magnitude. 
The flow is separated in rigid airfoil at 0.075C. 
 
 
Figure 12: Flow separation onset at α = for rigid 
airfoil 
 
 
Figure 13: Flow separation onset at α = for 
flexible airfoil 
It means at (7.5% of airfoil chord), while in the 
flexible airfoil the separation is occurred at 0.59C 
(59% of airfoil chord), which illustrates clearly the 
delay of flow separation when the flexible airfoil 
is used. The delay of flow separation is caused by 
increasing the airfoil upper surface arc radius that 
leads to accelerate and energize the airflow over 
the upper surface.  
Moreover, the increment in turbulent flow kinetic 
energy due to the oscillatory motion of the flexible 
surface may lead to damping both airflow 
circulation and wake region formation. The results 
for L/D ratio and polar curve are illustrated in 
Figures 14 and 15 respectively. The results of the 
flexible airfoil and rigid airfoil are plotted against 
a numerical XFLR5 result. Figure 14 indicates that 
the flexible airfoil has better L/D ratio than rigid 
airfoil at angles of attack ranging from zero to 6 
degree, and at angles that higher than 14 degree. 
As a result, the flexible airfoil is more efficient in 
performing tasks at small vertical velocity.  
 
 
Figure 14:  vs angle of attack  
 
 
Figure 15: Polar curve 
 
These velocities such as take-off run, steady flight, 
climb and descent and also at higher angles closed 
to stall angle of attack. The best efficiency point is 
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70 predicted at 7 degrees by XFLR5 code. The 
optimum point (minimum thrust required) as 
represented by Figure 15 is located at the 
intersection of tangent line with the polar curve. At 
this point the CLopt is 0.75 and the CDopt is 0.01.  
The parasite drag coefficient is almost coincided in 
the results of rigid and flexible airfoils. Whereas 
for induced drag of rigid airfoil, the lift coefficient 
obtained by CFD is more decreases with increase 
in drag coefficient than the lift coefficient of both, 
the flexible airfoil and the rigid airfoil that 
predicted by XFLR5. 
 
CONCLUSION 
The CFD investigation on the flexible and the 
rigid airfoils indicates that the flexible airfoil is 
capable to perform better aerodynamic results. In 
comparison between rigid and flexible airfoils, the 
aerodynamics forces produced by a flexible airfoil 
show that the lift coefficient is increased by 10% 
for angle of attack range till 10 degrees and then 
decreased slightly till the angle of stall 16 degrees 
while the stall angle of attack for the rigid airfoil is 
14 degree. The flow separation in rigid airfoil is 
predicted at 7.5% of airfoil chord, whereas in the 
flexible airfoil is at 59% of the airfoil chord. L/D 
ratio confirms that the flexible airfoil performs 
more efficiently in most aircraft mission profile 
tasks beside the reduction in specific fuel 
consumption. Although the maximum lift 
coefficient of flexible airfoil is higher than the 
maximum lift coefficient of rigid airfoil, the lift 
optimum and the drag optimum are approximately 
the same for both. The total drag according to the 
results for rigid and flexible airfoils is function 
only on the induced drag, in other word on the lift 
coefficient. The parasite drag coefficient is 
satisfactory coincided for both, the rigid and 
flexible airfoils. The experimental investigation 
with flow visualization is highly recommended to 
validate the results. Extend the study of the 
prototype geometry from two dimensions to three 
dimensions is important to reduce the error 
between the experimental task and the real flight 
test result. In reality, there are many other factors 
influence the performance of wing must be 
considered such as the aero elasticity 
characteristics and vibration. 
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